We investigate the influence of possible in-medium modifications of the S11(1535) in eta photoproduction in nuclei. Besides Fermi motion, Pauli blocking and binding effects also collisional broadening is accounted for. The in-medium width is obtained from a realistic resonance-hole model. Results on eta photoproduction are obtained from a semi-classical BUU transport model and compared with data. We find that calculations including a momentum dependent nucleon and resonance potential are in agreement with the recent KEK data. In contrast, collisional broadening has only little influence.
I. INTRODUCTION
Photon induced reactions on nuclei provide a promising tool for the investigation of in-medium properties of hadrons. However, the interpretation of data is often difficult, because it is hard to disentangle contributions from different resonances and/or different decay channels as e.g. in the case of pion production in the second resonance region. In this respect the study of the S 11 (1535) is very interesting because of its strong coupling to N η. In the energy regime of E γ ∼ 600 − 900 MeV this channel is strongly dominated by the S 11 (1535) and therefore η photoproduction gives information almost solely about this resonance.
In the past, different experiments of η photoproduction on several nuclei (C, Al, Ca, Cu, Nb, Pb) were performed. The TAPS group covered the energy range from threshold up to photo energies of 800 MeV [1] , whereas measurements at KEK [2, 3] provided data up to 1 GeV. Other theoretical approaches to the process discussed several in-medium effects. In [2] a QMD model was applied. Besides the trivial effects of Fermi motion and Pauli blocking, the authors found a strong influence due to collisional reactions of the S 11 . The authors of [4] were able to describe the KEK data on Carbon under the assumption that both scalar and vector potential of the S 11 vanish. However, the calculations were performed in nuclear matter and the η final state interactions were modelled by using a constant absorption factor. Hence, the findings of this work have to be checked by a more realistic model.
In this work, we calculate η photoproduction on different nuclei using a semi-classical BUU transport model, which was already successfully applied to the calculation of a variety of reactions (e.g. heavy-ion reactions [5] , photon-and electron-induced reactions [6, 7] ). Within this model, η photoproduction for energies up to 800 MeV was already addressed in [6, 8] . In contrast, we now want to extend our study to higher energies covered by the KEK data and to discuss medium modifications of the S 11 . The S 11 in-medium width is obtained from self-consistent resonance-hole calculations [9] .
We start with a brief review of the BUU model and the implementation of the η and S 11 dynamics in Sec. II followed by a discussion of in-medium modifications of the S 11 width in Sec. III. In Sec. IV we show our results in comparison with experimental data.
II. THE BUU MODEL
For the present studies, we use the BUU model reported in [7, 10] . The model is based upon a system of coupled BUU equations describing the evolution of the spectral distribution function F i = A i f i with the phase space density f i of different particle types i = N, π, S 11 (1535), η, ...:
Here A i is the spectral function and H is a relativistic Hamilton function
with a scalar potential S described in Eq. (5).
Σ ≷ i stand for the collision rates of particle species i and describe the gain and the loss of the distribution function at some 'point' ( r, p, µ, t) due to collisional reactions with particles of the same and other types. Therefore, the BUU equations are coupled via their right-hand sides. The set of equations is solved by a test particle ansatz for each density function F i . For model details we refer the reader to [7, 10] .
Besides the nucleon, our model contains 29 nucleon resonances with parameters taken from the analysis of Manley and Saleski [11] and all relevant mesonic degrees of freedom (π, η, ρ, ω). The η couples to the resonances S 11 (1535), S 11 (1650) and F 17 (1990) with pole-mass branching ratios of 0.43, 0.03 and 0.94.
The single-particle energy of a nucleon in the local rest frame (LRF) of the surrounding nuclear matter is given by
with vector and scalar potentials U 0 and U s . For the nucleon, in the LRF the spatial components of the vector potential vanish in the mean-field approximation. In the non-relativistic limit, V corresponds to the difference of scalar and vector potential. For V we use the density and momentum dependent non-relativistic mean-field parametrization from Welke et al. [12] V
In this equation p F = p F (ρ) is the local Fermi momentum. We can work with a choice of parameter sets A, B, C, τ, Λ determining the momentum dependence and stiffness of the nuclear matter equation of state (EOS) (cf. Table I ).
Here, we use either a momentum independent hard EOS (H) or a momentum dependent medium EOS (M). In Fig.  1 we show the momentum dependence of the potential V for the parameter set (M) for different densities. V is transformed in the LRF into a scalar potential S using
We assume that the potential V for the S 11 (1535) is also given by Eq. (4), and the scalar resonance potential S R is obtained in the same way. The effective resonance mass is then given by
Since no detailed calculations exist for the S 11 , this is a reasonable assumption.
A. The elementary photon-nucleon reaction
The main source of η mesons is the elementary γN reaction. It is known that in the threshold region the process γp → ηp is well described by the excitation of the S 11 resonance (see e.g. [13] ). The contribution coming from the two other resonances coupling to N η are neglected, because the ηN branching ratio of the S 11 (1650) is very small and the F 17 (1990) is beyond the considered energy range. Therefore, we use the following Breit-Wigner parametrization:
and the pole-mass decay width Γ 0 = 0.151 GeV. The center of mass (cm) momentum k of the γp pair depends on the cm energy √ s (i.e. mass of the resonance), k 0 = k(M S11 ) is the cm momentum taken at the pole mass of the S 11 . The other (mass dependent) resonance widths Γ S11→X and Γ S11→ηN are parametrized as in [10] . For the photocoupling helicity amplitude we use A p 1/2 = 0.109 GeV −1/2 [15] . The cross section for the reaction γn → S 11 is obtained from (6) by
as suggested in [16] , corresponding to A n 1/2 ∼ 0.089 GeV −1/2 . This value results from a resonance fit to eta photoproduction data on the deuteron and is connected to the value for A p 1/2 found in [15] . Therefore, we do not use the (smaller) values found in other analyses (e.g. [13] ).
In Fig. 2 we show the cross section for the elementary process γp → ηp in comparison with the data sets from [15, 17] . For energies up to E γ ∼ 1 GeV the agreement with the data is good.
Our model also contains other channels for the elementary γN interaction, namely γN → πN , ππN , P 33 (1232), D 13 (1520), F 15 (1680). These processes might also contribute to η photoproduction on nuclei via final state interactions (e.g. the reaction chain γN → πN , πN → S 11 → ηN ). However, it was shown in [6] that they are rather small. The parametrization of these processes via resonance fits to experimental pion photoproduction data is similar to Eq. (6) and described in Ref. [6] .
B. Final state interactions
The η final state interactions (FSI) are assumed to be mediated by the re-excitation of resonances. In the energy range under consideration the S 11 (1535) clearly dominates. The cross sections for elastic and inelastic ηN reactions therefore are similar to Eq. (6) and strongly depend on the energy of the η:
with the ηN cm momentum p ηN . X contains the decay channels N π, N η, N ρ, N σ and P 11 (1440)π. Among these, N π and N η are the relevant channels (branching ratio ∼ 95%). In the medium, the S 11 also undergoes FSI via the processes
which give rise to a finite collision width. This will be discussed in Sec. III. Of course, the absorption of S 11 states in such reactions also contributes to the absorption of η mesons. Finally, the coupled-channel treatment of our BUU model also allows for contributions from side-feeding reactions such as πN → R → ηN . As already mentioned, the η mesons managing to escape the nucleus stem to a large extent from the elementary reaction chain γN → S 11 → N η.
III. CALCULATION OF THE S11 IN-MEDIUM WIDTH
In [18] the collisional broadening of the resonances P 33 (1232), D 13 (1520), S 11 (1535) and F 15 (1680) was calculated from the collision rates resulting from processes like (9):
with X = N N , S 11 N and RN . f 2 is the phase space density of the incoming nucleons, 1 − f 3,4 are the Pauli blocking factors for the outgoing particles included in the final state X. Note that such collision rates also appear in the collision integrals on the right-hand side of the BUU equations. Therefore, consistency between the collision widths and the processes explicitly included in the transport model is guaranteed. The matrix elements appearing in the collision rates are identical to those contained in the cross sections for the processes (9). Eq. (10) can be rearranged in the following way:
where the averaging is performed over the momentum distribution of the incoming nucleon and v cm rel is the relative velocity of the incoming S 11 N pair in the cm frame. We see that this expression is similar to what one obtains from the low density theorem Γ coll = ρ v σ tot , leading to an increase of the collision rates with momentum p R , as seen in Fig. 4 . This way, for an on-shell resonance a broadening of about 35 MeV at ρ 0 was found in [18] .
It is well known from various calculations [19, 20, 21] , that the applicability of the low density theorem may be restricted to a regime of rather small densities. In order to overcome this problem we have developed a coupled [9, 20, 22] . The resonance parameters are taken from the analysis of Manley et al. [11] . The in-medium propagators of the mesons are determined from the excitation of nucleon-hole and resonance-hole loops. The resonance self energy in nuclear matter Σ med is obtained by replacing the vacuum meson propagator with the in-medium one in the meson nucleon loops, see Fig. 3 . Of course, also the correction from Pauli blocking is included. The collisional broadening is given by:
where Im Σ Pauli is the Pauli-blocked vacuum width. By coupling the meson and resonance properties a self-consistency problem arises, which we solve iteratively. The physical interpretation is that higher iterations involve reactions on more than one nucleon. For example, going to the next order effectively takes into account 3-body processes of the resonances. This is clearly beyond the low density theorem. Concerning the properties of the S 11 resonance, we find a net broadening of 35 MeV at ρ 0 for an on-shell resonance. As can be seen in Fig. 4 , in the momentum range of interest between 0.6 and 1 GeV this result is in absolute size (relative to the total width at ρ 0 ) close to that of [18] . Effects from the dressing of π and η mesons are of the order of a few MeV, the only sizeable contribution to the collisional broadening coming from the N ρ sector (for details we refer the reader to [9] ). This is in qualitative agreement with the calculation of [23] , where a somewhat larger value for the broadening was predicted. The strong in-medium correction in the N ρ channel is due to the coupling of the D 13 (1520) state to the ρ meson, which moves spectral strength down to smaller invariant masses [20, 22] in the ρ mass distribution. This way, the phase space available for the decay of a S 11 (1535) is enhanced. The slightly different momentum behavior of the collision widths (12) compared to the collision rates (10) is due to the resummation of particle-hole loops in the meson propagators. This leads to a decrease of the N η contribution and an increase of the N ρ contribution with increasing p R , leaving the total width Γ coll nearly constant. This behavior, however, cannot be extrapolated to very small momenta p R < 0.3 GeV due to effects from Pauli blocking in the N η channel.
We find that the main effect from the inclusion of higher order effects is a slight reduction of the broadening in the N ρ channel. This is due to the strong broadening of the D 13 (1520) which leads to a moderate reduction of this state in the ρ spectral function. Therefore, some ρ spectral strength is moved up to larger invariant masses, and the decay of a S 11 to the N ρ channel is somewhat suppressed.
We have also calculated the mass shift corresponding to the broadening of the S 11 by means of a dispersion analysis [9] . As a result we do not observe any significant shift. This, of course, supports the hypothesis, that the mass shift as observed in the photo-nucleus data, see Fig. 5 , is due to binding effects, see Section IV. In the actual calculation, we therefore do not include the dispersive mass shift.
The influence of the medium on the S 11 enters the calculations in two different ways: The reactions displayed in (9), which are directly connected with a collision rate via Eq. (10), are implemented explicitly in the model. Due to the fact that the results for the collisional width (Eq. (12) ) are close to the collision rates, the consistency between the widths and these explicit processes is maintained. Furthermore, since the S 11 final states are not restricted to the vacuum decay channels, the width Γ S11→X in Eqs. (6) and (8) has to be substituted by the full in-medium width.
IV. RESULTS
In Fig. 5 we show our results for the reaction γA → ηX for different nuclei in comparison with the TAPS and KEK data. The latter are obtained by integration over 0
• ≤ ϑ ≤ 90
• , while the former data as well as our calculations cover the full angular range. However, the main contribution stems from angles smaller than 90
• . Imposing this limitation on our calculations, deviations smaller than 3% are found.
The dashed and solid curves in each plot correspond to the two potentials (H) and (M) described in Sec. II. The calculations include Fermi motion, Pauli blocking, nuclear binding effects and FSI, but S 11 vacuum widths are used in the cross sections (6) and (8) . The dotted curves do involve the full S 11 in-medium width in the cross sections and therefore show the total influence of collisional broadening.
The curves (M) are shifted by about 50-70 MeV compared to the curves (H). This can be understood by taking a look at the elementary reaction γN → S 11 (1535). The momentum independent potential (H) is identical both for incoming nucleon and outgoing resonance. The resonance mass is obtained from the cm energy √ s (i.e. effective resonance mass) by subtracting the resonance potential:
In the case of the momentum dependent potential (M) we obtain a different result. For photon energies of about 800 MeV the outgoing resonance has also a momentum of about 800 MeV. For such momentum values, the potential (M) is almost zero, see Fig. 1 . Therefore we get for the resonance mass µ M = √ s, which is is smaller compared to µ H :
Hence the peak maxima in both scenarios are shifted relatively to each other by roughly |S H |, which is approximately 50-70 MeV.
As one can see, the curves (H) overestimate the TAPS data in the threshold region and exhibit a maximum shifted towards lower energies with respect to the peak maximum suggested by the KEK data. In contrast, the curves (M) only slightly underestimate the TAPS data, but are in very good agreement with the KEK data, especially the location of the peak maximum is well reproduced.
The influence of the collisional broadening of the S 11 has only little influence. As can be seen from the dotted curves, which visualize the effect of the medium modification via the cross sections (6) and (8) . In order to completely analyze the influence of collisional broadening, we show in Fig. 6 four different szenarios: The dashed curve shows the calculation without any FSI. The dashed-dotted curve includes FSI except for the S 11 FSI in (9) and therefore shows the influence of the direct η absorption via resonance re-excitation. Both calculations use vacuum widths in the cross sections (6) and (8) . The solid curves include all FSI and corresponds to the solid curves in Fig. 5 . The dotted curve also includes the full in-medium widths in the cross sections and corresponds to the dotted curves in Fig. 5 . It is seen that the main effect comes from the direct η absorption via ηN → R, whereas the influence of in-medium effects concerning the S 11 is rather small. This is not surprising, because the mean free path λ of a S 11 at ρ 0 is about 3 fm -compared to λ 1 fm for the η -whereas the RMS radius of C is about 2.5 fm. This is in contrast to the results of Yorita et al. [2] , who find a strong effect from the S 11 FSI.
In Fig. 7 we show the effect of the FSI in the case of Calcium. The solid line includes FSI. The dotted curve is the result without FSI divided my a constant factor of 1.9. In both calculations we used the potential (M) and neglected the medium modification of the S 11 widths. It is clearly visible that the absorption depends on energy and therefore the assumption of a constant absorption factor made in [4] is unrealistic. This result also holds for other nuclei. On the other hand, the issues raised in [4] concerning the peak position can be verified. The claim there was that the peak position can only be described by assuming vanishing scalar and vector potentials for the S 11 (1535). This scenario is close to what we get with the momentum dependent potential (M) for the S 11 , which -as mentioned above -nearly vanishes in the kinematical regime under investigation.
V. SUMMARY
We have calculated η photoproduction on several nuclei in the energy region dominated by the S 11 (1535) resonance. Starting from a parametrization of the data for the elementary γN → ηN reaction, we applied a BUU transport model to account for final state interactions. The calculations including a momentum dependent potential for the nucleons and the S 11 reproduce the available data well. In the threshold region a slight underestimation of the data is observed. The calculations involving a momentum independent potential cleary overestimate the data.
The collisional width of the S 11 , calculated within a realistic self-consistent resonance-hole model [9] , was found to be close to the collision rates from [18] and was included in the transport calculations. The influence of collisional reactions of the S 11 on the cross section were found to be small, in contrast to the QMD calculations of Yorita et al. [2] . The main difference between the result without FSI and the full calculation can be attributed to the absorption of the η in the FSI e.g. via ηN → S 11 → πN . Finally, we have shown that the absorption reactions cannot be mimicked by applying a constant factor to the results without FSI. Influence of the FSI on the cross section γCa → ηX. The solid curve shows the result with FSI, while the dotted line is the result without FSI divided by a factor of 1.9. All curves include the potential (M). In-medium modifications of the S11 width are neglected.
